Mosul Dam is an earth fill dam located on the Tigris River in North Western part of Iraq. It is 113 m in height, 3.4 km in length, 10 m wide in its crest and has a storage capacity of 11.11 billion cubic meters. It is, constructed on bedrocks which consist of gypsum beds alternated with marl and limestone, in cyclic nature. The thickness of the gypsum beds attains 18 m; they are intensely karstified even in foundation rocks. This has created number of problems during construction, impounding and operation of the dam. Construction work in Mosul Dam started on January 25 th , 1981 and started operating on 24 th July, 1986. After impounding in 1986, seepage locations were recognized. The cause of seepage is mainly due to: 1) The karsts prevailing in the dam site and in the reservoir area.
Introduction
Mosul Dam is located on the Tigris River in North Western part of Iraq; approximately 60 km northwest of Mosul city [1] (Figure 1 Loses of property and destruction of the infrastructure of the main cities downstream the dam will be enormous, and the flood wave will reach the capital city Baghdad. In this research, the main geological and engineering problems will be highlighted, and possible solution will be recommended.
Geology of the Area
In the vicinity of Mosul Dam, the exposed formation is Lower Fars (Fatha). It is composed of alternating beds of limestone, marl and gypsum [2] . Due to the complexity of the geology of the area, several investigations were carried out (e.g. [5] - [19] ). Al-Ansari et al. [2] reported that there were two faults within the dam site area. The first is of rotational type striking NW-SE offsetting the northern corner of Butmah East structure. The other fault is trending N NE-S SW along the right bank of the River Tigris. This fault is not clear on the surface and it was detected using Landsat images. This is due to the fact that the fault is deep seated and it might be partly controlling the Tigris River course from the dam site to Aski Mosul. Wakeley et al. [20] collected all the borehole data and constructed a model to show the complex geology at the dam site ( Figure 3 ).
No tectonic activity is reported from the dam site and near surroundings [21] .
Furthermore, the present small faults, as discovered at the dam site during execution of detailed geological mapping by Iraq Geological Survey has no signifi- showing complex stratigraphy and partial resolution of discrepancies in stratigraphy at intersections of the geologic panels from generated boreholes [20] .
cant importance and/ or causes any hazard for the dam [5] - [19] . Therefore, the area of the dam site almost doesn't suffer from active tectonic disturbances; this is also confirmed by Kelly et al. [22] , when they stated that the dam body does not suffer from any problem.
The Problem
The geology created a number of problems during construction, impounding and operation of the reservoir. After impounding in 1986, seepage locations were recognized. The cause of seepage is mainly due to geological problems that can affect the safety of the dam. These problems are:
-The karsts prevailing at the dam site and in the reservoir area.
-The existence of gypsum/anhydrite rock formations in the dam foundation alternating with soft marl layers and weathered and cavernous limestone beddings.
- 
Present Status of the Dam
To evaluate the status of the geological conditions in the dam area, the Engineer's and Environmental center of research of the US Army Corps of Engineers [22] used the rock quality designation (RQD) [31] as an index for the description of rock mass fractured state. The comparison performed was on samples taken in 1989 and 2006. The results showed that RQD was 45% -65% and 0% -20% for the two years respectively. The deterioration of the samples is due to the dissolution of gypsum ( Figure 11 ).
In addition, the deep curtain grouting was also investigated. It was noticed that some parts were highly deteriorated and required grouting 4 or 5 times annually. It was also noticed that the dissolution front had progressed 350 m toward the east, i.e. an average of about 17 m/year. The samples recovered from the grouting gallery showed that all the rocks were replaced by friable grout material.
Taking this information into consideration, the following points can be hig- This led to the sudden appearance of sinkholes in the area.
-The bedding plains under the foundation of the dam represent weak areas, which eased the water movement along these surfaces. The movement of water along these surfaces increased the dissolution of rocks vertically and horizontally. Furthermore, the supply of fresh unsaturated water from Mosul Dam reservoir tremendously increased this process.
-The dip of the beds on the eastern side of the dam does not exceed 6 degrees Figure 11 . Samples recovered from well drilled near SD5 ( [20] Figure   13 ). For more details, see ([5] - [19] ).
What Happens if the Dam Fails?
In 1984, the Ministry of Irrigation commissioned the Swiss Consultants Consortium to carry out a potential dam break and flood wave study for Mosul Dam.
The study was completed in three volumes report, which contained the possible causes of failure, full description of the mathematical model used, its calibration using known high flood recordings, and a complete flood routing of the wave in its way in the Tigris river valley down to (24) and published in reference [19] .
From Table 1 , it can be seen that the initial maximum discharge of the wave may vary between (551,000 m 3 /second to (415,000 m 3 /second) according to the scenario under consideration. FLORIS was then used to route the wave all the way down to Baghdad for different possible water levels in the reservoir. Table 2 shows the peak discharges of the wave, its heights, and times of arrival at the different cities and towns along the river course.
This study was checked by Black & Veatch in 2005. They outlined their conclusions in their report [27] . Their method was to decouple the derivation of the breach development hydrograph from routing the wave in the river channel. For the first part they used, the model (DAMBRK UK) upgraded to fit UK conditions by Binnie and Partners and the University of Bradford, and they indicated Hydraulic Institute in order to carry out the wave flood routing. Both models had the capability of presenting the results in a graphical form and interfacing with GIS to provide details of impounded area. As a final judgment (Black & Veatch) considered that both models did not add to the accuracy of the results in the Swiss Consultants using (FLORIS) and any additional output did not justify the additional work needed to apply any of these two models, so they accepted using (FLORES) for the flood wave routing. They considered finally that SC study was done in the best possible way and in a highly professional manner.
Later, in (2009) and (2015) two more studies on the subject were done namely [43] [44] . In these studies, they used other models for the analysis but in using these models they assumed gap width and time of the gap breach without giving justification of the selected values. Their assumption of (n) value seemed also to be far from the real conditions. In addition to all this, no mention was given on how the calibration of their models, and its validation were done. These missing details result in many question marks and may shed doubt on the outcome of these studies.
A new study was performed by [45] center by [46] . This model was routinely used for tsunami and storm surge events but originally developed for dam break analysis problems. Figure 14 gives the wave peak height at five cities and its arrival time. Table 4 . This table shows the total number of population and total areas affected for a scenario of reservoir water level of (330) which is the maximum reservoir design operation level.
From tables presented in this study Table 5 was also constructed. It gives the number of population affected at various reservoir water levels (RWL), for dif- From all these statistics, it can be concluded that If Mosul Dam fails, then the catastrophe which follows is by far beyond anything, which had been experienced before or can be imagined to happen in the future. Figure   15 ). This is normally done by drawing down the reservoir, and to avoid this, dropping the lining materials (bentonite pellets) through pipes lowered into the bottom of the pond then sand would be placed on top to hold the clay in place against any disturbances. This method has not been used in ponds and not in large reservoirs before.
ii) Positive cutoff: A cutoff wall is to be constructed as shown in (Figure 16 ). b) The second solution was to construct a tunnel the length of the chalky series from which grouting would be performed. The Board thought that such work was very specialized and would need expert studies to check its feasibility.
c) The third solution was to construct a series of tunnels and galleries to re- above.
d) The fourth alternative was to construct a diaphragm wall from the upstream berm, with a sloping concrete facing from the top of the diaphragm to the top of the dam (Figure 17 ). Or even to remove part of the top of the dam and install the diaphragm from the top through the core in a location upstream of the gallery. This arrangement was attributed to the unavailability of machines that could cut to the desired level. In a later update, the removal of the dam top was thought unnecessary due to new development in diaphragm machines. This suggestion was disregarded due to technical and economic factors.
All the discussed alternatives were not practical, and some of them were even not feasible. Therefore, it was decided to continue the works on the present curtain by improving the mixes and injection procedure to combat large take areas, on this dam was halted in 1991 due to UN sanctions on Iraq.
Conclusions and Recommendations
Mosul Dam is suffering from the seepage problem under the foundation of the dam since the start of its impounding in 1986. Various works were done to overcome the problem, but it seems that the dam is showing more and more signs of weakness. In view of all the published work and meetings, it is well understood that the geology of the dam site is very complicated, and it suffers from severe problems due to the presence of badly jointed and cavernous soluble gypsum/anhydrite layers, gypsum breccias layers, weathered and jointed limestone and soft marls. The consultants had underestimated these problems where impounding have increased the solubility of the rocks within the vicinity of the dam and enhanced the formation of sinkholes. Despite all the intensive maintenance work the dissolution of gypsum continued and the gypsum breccias layers were very much resistant to grouting at the deep grout curtain zones. Furthermore, it is evident from the work done that grouting can only be a temporary solution and cannot stop permanently the dissolution of gypsum. In addition, it is causing weakening of the rocks by the re-grouting process; it cannot stop the progressive formation of sinkholes and; moreover, it is giving a false sense of security.
Looking at the reports, papers and discussions of researchers and experts, it is believed that the following points are to be considered: -Keeping the reservoir water level as low as possible for such a period that might be necessary subject to updated risk analysis. -Providing possible early warning system for changing conditions that may indicate where and when a failure mechanism is developing.
-Bathymetric survey should be conducted to determine the points of excessive leakage from the reservoir and to detect any sinkhole, spring and seeps within the upstream area in the reservoir close to the dam.
-Emergency Action plan should be developed and implemented, and the public should be aware of such a plan.
-A new panel of experts is to be established to meet every three months to review the status of the grouting program and any new development.
-Since grouting is not the final solution for the problem, other alternatives are to be carefully studied, and a decision should be taken to solve this problem.
These solutions may require including the construction of a diaphragm in Mosul
Dam, completion of Badush Dam or a hybrid solution of both.
